Background Combination therapies of drugs with distinct mechanisms of action are emerging as ways to achieve strict glycemic control, thus preventing the onset and progression of diabetic complications in type 2 diabetes patients. A rapid-acting insulin secretagog, nateglinide, and a potent dipeptidyl peptidase-4 inhibitor, sitagliptin, meet such criteria. Methods A total of 121 patients inadequately controlled with sitagliptin monotherapy received 52-week combination therapy (nateglinide + sitagliptin). The primary endpoint was the safety of the therapy, and its efficacy was also evaluated. A meal tolerance test was performed 4 weeks before the start of combination therapy (week −4) and at week 24 and week 52 after the start of combination therapy. Results HbA1c levels were lower at week 52 than at week 0 [−0.42% (95% confidence interval −0.53, −0.31)]. Fasting plasma glucose levels tended to decrease from baseline (week 0) to week 52 [−4.8 mg/dl (−9.4, −0.2)]. In the meal tolerance test, postprandial plasma glucose levels and area under the curve of glucose from before to 2 h after the meal load were lower at week 24 and week 52 than at week −4. In addition, the levels of insulin and active glucagon-like peptide-1 were higher at week 52 than at week −4. Furthermore, the incidence of adverse events in combination therapy with sitagliptin was similar to those previously shown in nateglinide monotherapy. Conclusion Compared with sitagliptin monotherapy, the combination therapy of nateglinide plus sitagliptin was more effective in type 2 diabetes patients at improving glycemic control while showing similar safety.
Introduction
Nateglinide is classified as a rapid-acting insulin secretagog glinide, and as with sulfonylurea (SU), it acts on the SU receptor on the surface of cellular membranes of pancreatic β-cells and improves the postprandial glycemic control of type 2 diabetes patients by promoting early phase insulin secretion [1] . In addition, because nateglinide has a pharmacokinetic profile characterized by rapid absorption and elimination after administration [2, 3] , its immediate preprandial administration suppresses an increase in postprandial plasma glucose (PPG), and it is less likely to cause delayed hypoglycemia compared with SU drugs.
On the other hand, inhibitors of dipeptidyl peptidase-4 (DPP-4) inhibit the degradation of glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) and maintain the plasma concentration of these peptides, thus exhibiting a hypoglycemic effect by promoting insulin secretion in a plasma glucose-dependent manner.
In Japan, DPP-4 inhibitor is widely prescribed, but glycemic control with its monotherapy is inadequate in some diabetic patients [4] . For such patients, a combination therapy of DPP-4 inhibitor and an insulin secretagog with a mechanism of action different from that of DPP-4 inhibitor, including SU drugs and glinides, is expected to additively improve the hyposecretion of insulin. The Japan Diabetes Society recommends that the dose of SU drugs be reduced in combination with DPP-4 inhibitors, particularly in elderly patients and patients with mild decline of renal function, since the co-administration of SU drugs and DPP-4 inhibitors promotes serious hypoglycemia [5] . In contrast, glinides are considered to have a lower risk of hypoglycemia than SU drugs in the combined administration with DPP-4 inhibitors since glinides have a short duration of action. Meanwhile, the Diabetes Epidemiology: Collaborative analysis of Diagnostic criteria in Europe (DECODE) study, a meta-analysis of the prospective cohort studies conducted in Europe, revealed that plasma glucose levels at 2 h after glucose load were correlated with the risk of death, regardless of fasting plasma glucose (FPG) levels, and 2-h post-load glucose was an independent risk factor [6] . In the Funagata study, a prospective cohort study in Japan [7] , and the Diabetes Epidemiology: Collaborative analysis of Diagnostic criteria in Asia (DECODA) study, a meta-analysis of the prospective cohort studies including the Funagata study and targeting the Asian population [8] , it was suggested that plasma glucose levels at 2 h after glucose load were more closely correlated with cardiovascular diseases than fasting glucose levels. Postprandial hyperglycemia, which is closely associated with cardiovascular disease risk, is becoming more important as an independent risk factor. In addition, postprandial hyperglycemia is associated with reduced insulin secretion in the early postprandial period, and East Asians generally have low insulin secretion capacity [9] . For these reasons, combination therapies of DPP-4 inhibitors and glinides are expected to contribute to safe and effective glycemic control after a meal.
Taking these into account, to evaluate safety as the primary endpoint and also to assess the efficacy of long-term co-administration of nateglinide and a DPP-4 inhibitor, we performed a 52-week administration study of nateglinide and sitagliptin in patients who were inadequately controlled by sitagliptin monotherapy. We show here that compared to sitagliptin monotherapy, this combination therapy more effectively improves glycemic control in type 2 diabetes patients while showing similar safety.
Materials and methods

Study design
The study design is shown in Fig. 1 . The study period included a 4-week observation and 52-week combination therapy period. This was an open-label, multicenter trial with sitagliptin monotherapy during the observation period and combined use of sitagliptin and nateglinide during the combination therapy period.
Nateglinide 90 mg was orally administered three times a day just before each meal during the combination therapy period. Depending on the state of plasma glycemic control and the occurrence of adverse events related to plasma glycemic control, the dosage was allowed to decrease to 60 mg or increase to 120 mg three times a day when judged necessary by the investigator. In addition, when dosage reduction to 60 mg three times a day did not yet lead to improvement because of the occurrence of adverse events associated with hypoglycemia, the patients were allowed to stop nateglinide treatment.
Sitagliptin 50 or 100 mg was orally administered once daily before breakfast throughout the observation and combination therapy periods. The dose of sitagliptin was kept the same as in the pretreatment period without any changes during the study period. Throughout the study period, the use of oral hypoglycemic agents other than investigational nateglinide and sitagliptin, insulin preparations, GLP-1 receptor agonists, and other investigational drugs were prohibited. On the other hand, exercise and diet therapies were to be continued with no change throughout the study period in the instructions given at the start of the observation period.
To evaluate efficacy, hemoglobin A1c (HbA1c) (National Glycohemoglobin Standardization Program: NGSP) and Fig. 1 Study design. The study period was composed of the observation (4 weeks) and combination therapy period (52 weeks). The detailed daily doses of nateglinide and sitagliptin are shown. The following abbreviations were used: t.i.d. for three times daily, stat. a.c. for just before each meal, q.d. for once daily, and a.j. for before breakfast FPG as well as plasma glucose, insulin, and active GLP-1 were measured in a meal tolerance test. HbA1c and FPG in the fasting condition in the morning were measured every 4 weeks after week 0 (the start of the combination therapy) and at week −4 (the start of the observation period), respectively. A meal tolerance test was performed at weeks −4, 24, and 52 from the start of combination therapy. Plasma glucose, insulin, and active GLP-1 levels were measured in blood samples collected before meal load and at 0.5, 1, and 2 h after meal load. Both nateglinide and sitagliptin were administered between the time of preprandial blood sampling and breakfast. In particular, nateglinide was administered within 10 min before breakfast. On the other visiting days, the patients took preprandial nateglinide and sitagliptin after laboratory testing. The meal tolerance test was carried out using meals adjusted to approximately 450 kcal at each medical institute. In addition, the contents and start time of meal load in a meal tolerance test at weeks 24 and 52 (or at the time of discontinuation) were set to create the same conditions as at week −4 to the utmost extent.
To evaluate safety, investigations of adverse events, laboratory tests, measurement of vital signs, and 12-lead electrocardiography were performed. We defined unfavorable events occurring in a patient with combination therapy of nateglinide and sitagliptin as adverse events regardless of the causal relationship with these investigational drugs and examined the names of adverse events, the association with hypoglycemia, the date of onset, seriousness, severity, causal relationship with nateglinide, treatment, and outcome (the date in the case of recovery or death). Laboratory tests (hematology, blood biochemistry, and qualitative urinalysis) were performed at the start of the combination therapy (week 0) and at weeks 4, 12, 24, 36, and 52 (or at the time of discontinuation), and blood and urine samples were collected in the fasted state. Vital signs (body weight, blood pressure, and pulse rate) were measured every 4 weeks (or at the time of discontinuation) from the start of the combination therapy (week 0), and 12-lead electrocardiography was performed at the start of the combination therapy (week 0) and at weeks 4, 12, 24, 36, and 52 (or at the time of discontinuation). All laboratory assessments were performed at LSI Medience Corp. (Tokyo, Japan).
This study was conducted in the following ten medical institutes in Japan and was approved in advance by the Sakayori Clinic Institutional Review Board on July 23, 2012 (approval number is not applicable) in compliance with the Declaration of Helsinki and the International Conference on Harmonisation (ICH)-Good Clinical Practice Guideline. The study was performed from July 2012 to December 2013. The participating institutes were Oikawa Medical Clinic, Hirano Medical Clinic, Noritake Clinic, Itabashi Diabetes and Dermatology Clinic, Tokuyama Clinic, KKR Mishuku Hospital, Hino Municipal Hospital, Koukan Clinic, NTT West Takamatsu Hospital, and KKR Takamatsu Hospital. The patients were informed of the study before participating by the use of an informed consent form approved by the Institutional Review Board, and written consent was obtained from the patients themselves. This study was registered at http :// www.clin ical tria ls.jp as JapicCTI-121927.
Participants
The patients in this study were outpatients aged at least 20 years at the time of consent with type 2 diabetes inadequately controlled with sitagliptin monotherapy who were defined as the patients who had received continuous administration of sitagliptin at a dose of 50 or 100 mg/day for not less than 8 weeks before the start of the observation period (week −4) and whose HbA1c (NGSP) levels were ≥ 6.9 and < 8.9% at week −4 and whose 1-or 2-h PPG levels were ≥ 200 mg/dl.
The main exclusion criteria were as follows: patients who were administered oral hypoglycemic agents other than sitagliptin or insulin preparations within 8 weeks before the start of the observation period (week −4), patients with type 1 diabetes, patients with severe ketosis (ketone level is ≥ 2 + by urinalysis), patients who changed hypertension drug therapies at least three times to control blood pressure in the 6 months before the start of the observation period (week −4), patients with renal dysfunction (creatinine > 1.5 mg/dl for males and > 1.3 mg/dl for females), patients with a medical history of hypersensitivity to sitagliptin and nateglinide, pregnant women, nursing women, and patients who participated in other clinical studies, or patients who had participated in other clinical studies within 12 weeks before participating in this study (written consent was obtained).
Statistical analysis
The sample size was determined in accordance with the Guideline for Clinical Evaluation of Oral Hypoglycemic Agents released in Japan [10] . Taking into account that the risk of hypoglycemia may increase because of the coadministration of insulin secretagogs, we planned to recruit 100 patients to assess 52 weeks of clinical safety regarding combined use of nateglinide and sitagliptin. The planned sample size provided a 95% probability that the population rate of adverse events would be 3%. Considering dropout patients, we determined the need to recruit 120 patients for combination therapy.
Data were analyzed using SAS ® 9.3 Software (SAS Institute Inc., Cary, NC, USA).
For the efficacy analyses, the full analysis set, consisting of patients who received at least one dose of nateglinide and 1 3 had at least one efficacy measurement, was used; multiplicity was not considered.
For HbA1c (NGSP) and FPG, descriptive statistics at each evaluation point and their changes from baseline (week 0) were calculated, and two-sided 95% confidence intervals were constructed based on the t distribution.
Descriptive statistics of plasma glucose, insulin, and active GLP-1 before meal load and 0.5, 1, and 2 h after meal load in the meal tolerance test were calculated at each evaluation point. Descriptive statistics of the area under the curve from before to 2 h after meal load (AUC 0-2h ) at each evaluation point were calculated. Their changes from baseline (week −4) were calculated, and two-sided 95% confidence intervals were constructed based on the t distribution.
The safety analysis set was defined as all of the patients who received at least one dose of nateglinide. The adverse events, the adverse events for which the causal relationship with nateglinide cannot be ruled out, serious adverse events, and adverse events associated with hypoglycemia were tabulated according to the Medical Dictionary for Regulatory Activities (MedDRA), version 15.0 (MedDRA Japanese Maintenance Organization, Tokyo, Japan).
Results
Patient description and demographic characteristics
The patient disposition is shown in Fig. 2 . A total of 122 out of 169 patients who provided informed consent were enrolled. Among them, one patient was discontinued before the start of the combination therapy of sitagliptin and nateglinide, and 121 began to receive the medication. After the start of combination therapy, 13 patients were discontinued and 108 completed the study. The breakdown of the causes of discontinuation of the 13 patients was as follows: 6 patients, aggravation of the target disease; 5 patients, occurrence of adverse events; 1 patient, patient's inconvenience; 1 patient, judgment by the investigator.
All of the 121 patients who received combination therapy of sitagliptin and nateglinide were included in the safety analysis set and the full analysis set. The demographic and baseline characteristics are shown in Table 1 . The age was 62.9 ± 11.2 years (mean ± standard deviation): 64 patients (52.9%) were less than 65 years of age and 57 patients (47.1%) were at least 65 years of age. Seventy-nine males (65.3%) and 42 females (34.7%) were included, and the body mass index was 25.0 ± 3.7 kg/m 2 . Duration of type 2 diabetes was 6.5 ± 6.1 years, and the daily dose of sitagliptin was 50 mg for 101 patients (83.5%) and 100 mg for 20 patients (16.5%). At week 0, HbA1c (NGSP) was 7.7 ± 0.6% and the FPG level was 156.0 ± 35.0 mg/dl. 
Efficacy
Safety
The overall incidence of adverse events was 86.0% (104/121 patients) and the incidence of adverse events, of which the causal relationship with nateglinide cannot be ruled out, was 7.4% (9/121 patients). Table 2 shows adverse events occurring in at least 2% of total patients as commonly reported adverse events. The most commonly reported adverse events (incidence, at least 5%) included nasopharyngitis at 43.8% (53/121 patients), upper respiratory tract inflammation at 9.1% (11/121 patients), and pharyngitis at 5.0% (6/121 patients). The causal relationship with nateglinide was ruled out for all of these events. Adverse events, of which the causal relationship with nateglinide cannot be ruled out, included dizziness at 3.3% (4/121 patients), tremor and hunger at 1.7% (2/121 patients), and acute myeloid leukemia, hypoglycemia, feeling cold, malaise, and thirst at 0.8% (1/121 patients), respectively. Except for acute myeloid leukemia and thirst, all of these were adverse events associated with hypoglycemia. Acute myeloid leukemia was less likely caused by nateglinide administration, but there were significant increases in the white blood cell count and decreases in platelet count after the start of nateglinide administration. Therefore, it was very difficult to completely rule out the relationship with nateglinide, which was judged to be unclear by the investigator. Thirst was mild and the patient recovered early. The incidence of serious adverse events Fig. 4 Changes in postprandial plasma glucose levels. a Postprandial plasma glucose levels at weeks −4, 24, and 52. The values were obtained from the samples before (0 h) and 0.5, 1, and 2 h after meal load. Data are presented as the mean ± standard deviation. b Changes in AUC 0-2h glucose at weeks 24 and 52 from baseline (week −4). Data are presented as the mean and 95% confidence intervals was 5.0% (6/121 patients). Pyelonephritis, acute myeloid leukemia, breast cancer, gastric cancer, macular hole, and autoimmune pancreatitis were observed in one patient each, and the causal relationship with nateglinide was ruled out except for acute myeloid leukemia. Adverse events associated with hypoglycemia are shown in Table 3 . The incidence of adverse events associated with hypoglycemia was 5.8% (7/121 patients). Although no adverse events associated with hypoglycemia were ruled out concerning a causal relationship with nateglinide, they were non-serious and mild events, and it was possible to continue the study by dose reduction of nateglinide or intake of glucose.
There was not much difference in incidences of both common adverse events and adverse events associated with hypoglycemia by sitagliptin dose.
Discussion
In this study, we investigated the efficacy and safety of 52-week long-term co-administration of nateglinide in 121 patients with type 2 diabetes who were inadequately controlled by monotherapy with sitagliptin, which is classified as a DPP-4 inhibitor.
For efficacy, both 0.5-and 1-h postprandial insulin levels increased at week 24 of nateglinide combination therapy compared with baseline (week −4) of sitagliptin monotherapy, and the increases were also maintained until week 52. Both 1-and 2-h PPG levels decreased at week 24 compared with those at baseline (week −4), and these decreases were maintained until week 52. AUC 0-2h also decreased at week 24 and week 52 compared with baseline (week −4). Improvement effects on PPG levels as well as the stimulation of insulin secretion were observed throughout a 52-week period. HbA1c was lowered by 0.19% at week 4, by 0.30% at week 24, and by 0.42% at week 52 compared with baseline (week 0), and the decrease in HbA1c was maintained over 52 weeks. FPG levels were also well controlled over 52 weeks. These results reflect the characteristics of nateglinide that promote early-phase insulin secretion and, by making the insulin secretion patterns of the patients similar to those of healthy individuals, improve PPG levels and enable proper glycemic control.
In recent years, in vivo and in vitro study data have been reported, suggesting that GLP-1 secretion is promoted by the inhibition of DPP-4 activity by nateglinide and the accompanying suppression of degradation of GLP-1 [11, 12] . Moreover, nateglinide alone, GLP-1 alone, or the combination of nateglinide and GLP-1 was administered beforehand every week in a three-way crossover design in patients with type 2 diabetes to examine the hypoglycemic effects of nateglinide and exogenous GLP-1 [13] . Specifically, glucose was intravenously administered to raise and adjust the plasma glucose level to 15 mmol/l at 15 min after single or coadministration of nateglinide and GLP-1. The resulting AUC 0-180min value for plasma glucose was the lowest in the combination therapy, while that for insulin was the highest in the same treatment. The AUC 0-180min value for DPP-4 was lower with combination therapy and nateglinide alone compared with GLP-1 alone. The AUC 0-180min value for GLP-1 was the highest with combination therapy. These results suggested that nateglinide exhibited hypoglycemic effects in association with enhanced active GLP-1 level and inhibited DPP-4 activity. On the other hand, it was reported that the active GLP-1 level was significantly increased at week 24 compared with baseline by both the combination therapy with nateglinide plus vildagliptin and the monotherapy with vildagliptin in patients inadequately controlled by nateglinide, whereas a significant difference was not observed between the two therapy groups [14] . It was confirmed that the results differed from those obtained in the previously described single-dose loading test.
In this study, to evaluate the relevance of the corresponding mechanisms to the hypoglycemic effect of nateglinide, the active GLP-1 level was measured by conducting the meal tolerance test. Active GLP-1 levels at week 24 were similar to those at week −4 and their increase was observed at week 52, but the increase in early-phase insulin secretion and the accompanying improvement in PPG levels were observed at week 24 and were similar at week 52. These collectively suggest that an improvement in PPG levels was caused by the already known insulin secretive effect of nateglinide. This study is an open trial and there is a limitation to consider. The clinical significance of the increase in the active GLP-1 level seen at 52 weeks is ill defined, and further investigation is required.
With respect to safety, the overall incidence of adverse events was 86.0% (104/121 patients); the incidence of adverse events, for which the causal relationship with nateglinide cannot be ruled out, was 7.4% (9/121 patients). Most adverse events observed in this study occurred by week 12, and there was no trend for the incidence of adverse events to increase because of long-term administration. Thus far, the safety of nateglinide has been confirmed over a long period of time in monotherapy [15, 16] , combined therapy with biguanide-based drugs [17] , and combined therapy with pioglitazone hydrochloride [18] . Moreover, similar safety has been confirmed for the combined therapy of nateglinide and sitagliptin in this study.
Recently, the efficacy and safety of an additional DPP-4 inhibitor to rapid-acting insulin secretagog monotherapy were demonstrated in type 2 diabetes patients inadequately controlled by a rapid-acting insulin secretagog alone [19] . In our study, the efficacy and safety of additional nateglinide to DPP-4 inhibitor monotherapy were demonstrated in type 2 diabetes patients inadequately controlled by DPP-4 inhibitor alone. These results suggest that combination therapies of DPP-4 inhibitors and rapid-acting insulin secretagogs are safe and effective, regardless of the order of administration, for glycemic control in type 2 diabetes patients.
Limitations of our study should be noted. First, this study was conducted with no control arm and can be compromised by unknown biases. Thus, we cannot exclude the possibility that, as both patients and investigators were aware of the treatments performed, outcomes in patients may have been evaluated in favor of improvements. However, to reduce this risk, we used objectively measured laboratory values. Second, depending on the state of plasma glycemic control and the occurrence of hypoglycemia-related adverse events, dose changes or temporal discontinuation of nateglinide was allowed at the discretion of investigators during the study period, which makes it difficult to assess how these changes in the regimen influenced our findings regarding safety and efficacy.
In conclusion, we consider that the combined therapy of nateglinide and DPP-4 inhibitors including sitagliptin can be one of the useful combination therapies in performing safe and stable glycemic control over a long period of time.
